Purpose: Blunt cerebrovascular injury (BCVI) is a rare but potentially devastating diagnosis. Our study establishes the temporal changes and findings on follow-up imaging. Methods: For this retrospective, institutional review boardeapproved study, the hospital trauma registry was queried for all severely injured polytrauma patients who underwent computed tomography angiogram (CTA) scans in the emergency department between January 1, 2010, and December 31, 2016, with injury severity score !16, yielding 3747 patients. A total of 128 patients had a follow-up CTA for BCVI. The grade, location, and outcomes of injuries on follow-up imaging were studied. Results: A vehicular collision was the most common mechanism of injury (75%). The majority of patients (61%) had a Glasgow Coma Scale of 10-15. Vertebral fractures were the most common associated injury (57%). The overall incidence of BCVI in our study population was 4.8%. On the initial CTA, 50% of injuries were grade 1, 25.4% were grade 2, 7% were grade 3, 17% were grade 4, and 0.6% were grade 5. For the different grades of injuries, improvement has been documented in 44% with complete healing in 34%, while 51% of injuries remained unchanged from the initial scan. Only 5% progressed to a higher-grade injury. Twelve patients developed strokes with an incidence of 9.4% in patients with a follow-up CTA. Conclusions: This study can help increase the awareness of radiologists about the evolution patterns of different grades of BCVIs on followup CTA for severely injured posttraumatic patients.
Conclusion : L' etude peut davantage sensibiliser les radiologistes aux types d' evolution des traumatismes vasculaires c er ebraux ferm es de grades diff erents observ es au moyen d'une ADTM de suivi chez les patients gravement bless es. Ó 2018 Canadian Association of Radiologists. All rights reserved. Key Words: Trauma; Blunt cerebrovascular injuries; Vertebral artery injury; Carotid artery injury Blunt cerebrovascular injuries (BCVIs) are defined as injuries to the extracranial carotid arteries and vertebral arteries as a sequela of blunt trauma. BCVIs are diagnosed in approximately 1%e2% of trauma patients and can result in devastating outcomes [1, 2] . Stroke rates in untreated vascular injuries can approach 40%e60%, with a stroke-related mortality rate of 50% [3, 4] . With treatment, the stroke rate can be as low as 4% [3] . In a recent study conducted by Esnault et al [5] , the stroke rate in patients with severe traumatic brain injury was 9.2%. Patients may remain clinically silent for hours to months before experiencing a cerebrovascular event [6] . Only 10% of patients present with focal neurological signs upon presentation and approximately 67% develop clinical symptoms within 24 hours [7] .
High-risk groups for BCVI include LeFort II and III fractures, basilar skull fracture with carotid canal involvement, closed head injury, cervical vertebral body or transverse foramen fracture, near-hanging anoxia, or patients with a seatbelt or clothesline-type injury [8] . However, the absence of these risk factors does not entirely preclude screening of BCVI [9, 10] .
Duplex ultrasonography and magnetic resonance angiography are not considered as standard BCVI screening tools because of their poor sensitivities and specificities in clinical trials [11e13] . Four-vessel cerebral invasive angiography was the traditional gold-standard for BCVI screening. However, computed tomography angiography (CTA) of the neck vessels has replaced invasive angiography because CTA is a faster, noninvasive tool to diagnose vascular injuries, allowing for prompt initiation of treatment and effective prevention of stroke [14e16]. Whole-body CT (WBCT) is a singleacquisition WBCT scan to obtain accurate, quick imaging in the trauma setting and CTA of the neck and head arteries can be performed as a part of WBCT protocol for high-risk patients [17] . Management of BCVI with an antiplatelet or antithrombotic therapy is considered as a prophylactic measure against ischemia or stroke; however, grade 5 injuries may require endovascular treatment [8] .
The purpose of this study is to examine the temporal changes and spectrum of radiological findings on follow-up CTA for patients with suspected BCVIs. The management and outcomes of these patients, including stroke patients, are discussed in our study. As a result, the study can help explore the use of follow-up CTA in monitoring the outcomes of BCVIs.
Materials and Methods
For this retrospective, institutional review boardeapproved study, the hospital trauma registry was queried for all polytrauma patients who underwent CTA scans in the emergency department between January 1, 2010, to December 31, 2016, with injury severity score !16, yielding 3747 patients.
Patient Population
The trauma registry database was queried for trauma patients with age !18 years who received CTA of the neck vessels after sustaining blunt trauma. Only patients with injury severity score !16 were included because BCVI screening with CTA was performed for patients with severe polytrauma. Our institution's BCVIs screening algorithm is illustrated in Figure 1 [1] .
The included patients had to have a documented BCVIs on initial CTA and at least 1 follow-up CTA within 6 months from the initial CTA. Exclusion criteria included patients who had a normal initial scan or did not receive or had no record of a follow-up CTA within the study time frame. Demographic information, mechanism of trauma, associated injuries, and management of patients were recorded.
Imaging Protocol
All trauma studies were performed on 128-slice dual-energy CT scanners (SOMATOM Definition Flash CT Scanners; Siemens Healthcare, Erlangen, Germany). All trauma patients were positioned supine, feet first, with their arms down at their sides. CT scans of the head and face were performed first without intravenous contrast. Then, patients underwent CTA of the neck and CT of the cervical spine, acquired during a single run, followed by CTA of the chest, abdomen, and pelvis (arterial phase) and then CT of the abdomen and pelvis during the venous phase. For the CTA of the neck, contrast injection was performed using 80 mL of iohexol 350 at 3.2 mL/s, followed by 20 mL of 0.9% sodium chloride. Once contrast was seen entering the aortic arch, scanning was initiated. Images were acquired at 1 mm slice thickness and at 1-mm intervals (1 mm Â 1 mm). Sagittal images were reformatted at 4 mm Â 4 mm, and both coronal and sagittal reformats were done in maximum intensity projection mode at 10 mm Â 2.5 mm. Images for the CT of the cervical spine were obtained during scanning for the CTA of the neck at 2 mm Â 2 mm. Reformats were then done manually with coronal and sagittal images in bone window at 2 mm Â 2 mm, sagittal images in standard window at 2 mm Â 2 mm, and angled axial reformats in bone and standard window at 2 mm Â 2 mm. For the CTA of the chest, abdomen, and pelvis, 90 mL of iohexol 350 was used, at an injection rate of 4 mL/s, followed by 20 mL of 0.9% sodium chloride. Arterial phase images were acquired at 1 mm Â 1 mm. Coronal and sagittal reformats were done at 3 mm Â 2 mm as well as coronal and sagittal images in maximum intensity projection mode at 3 mm Â 2 mm. Venous-phase CT of the abdomen and pelvis was then automatically done 45 seconds after the arterial phase, and images were acquired at 1.25 mm Â 0.75 mm with coronal and sagittal reformats at 3 mm Â 2 mm.
Data Extraction and Assessment
The patient demography and associated injuries were collected from the trauma registry. Radiological information including the affected arteries, grades of injuries were recorded using picture archiving and communication system. Grading of BCVIs was determined based on the radiological reports. BCVIs were graded according to Denver 5-point grading scale. Grade 1 is identified as intraluminal irregularity or dissection with <25% luminal stenosis, grade 2 denotes intraluminal thrombus or dissection with >25% luminal stenosis, grade 3 is a pseudoaneurysm, grade 4 indicates complete vessel occlusion, and grade 5 is vessel transection or hemodynamically significant arteriovenous fistula [8] . The management and clinical outcomes were retrieved from the patient medical charts. The software used for statistical analysis of the extracted data was IBM SPSS Statistics version 21 (IBM Corp, Armonk, NY).
Results

Patient Demography and Associated Injuries
A total of 3747 patients were identified through the trauma registry; 3542 patients had no follow-up CTA and were excluded. Only 52 out of 3542 patients had documented BCVIs on admission, while the remaining patients were negative for BCVI. These 52 patients were excluded from our study due to lack of follow-up CTA during hospital admission and after discharge. A total of 77 patients were further excluded as they had normal initial and follow-up CTAs. A total of 128 patients including 89 men and 39 women met the inclusion criteria and had a follow-up CTA of the neck vessels within 6 months from the abnormal initial CTA ( Figure 2 ).
The patients had a median age of 44 (interquartile range, 29-53) years, median follow-up of 7 (interquartile range, 2-26) days, and mean follow-up of 29 days. The mechanism of trauma included a vehicular crash in 96 (75%) patients; fall in 25 (20%) patients; and crush, assault, and other blunt trauma in 7 (5%) patients. Thirty-seven (29%) patients were unresponsive while 78 (61%) patients had a Glasgow Coma Scale (GCS) of 10-15. Nine (7%) patients had GCS of 3-9, and 4 (3%) patients were intubated at the scene (Table 1) . Nineteen (15%) patients had no associated injuries within the head, neck, or face on the initial CT. The associated injuries detected by initial CT were vertebral fractures in 73 (57%) patients, intracranial hemorrhage in 55 (43%) patients, skull fractures in 35 (27%) patients, and facial fractures in 34 (26.5%) patients (Table 1) .
BCVIs were detected on the initial scan of 128 patients. By adding 52 patients with positive CTA on admission but had no follow-up study, the overall number of patients with documented BCVI was 180 patients out of 3747 (4.8 %).
Stratification of Injuries and Grading
A single-artery injury on CTA has been documented as one injury. The injuries were categorized according to the involved A total of 172 injuries were found in 128 patients who met our inclusion criteria; 95 patients had a single injury, 24 patients had 2 injuries, 7 patients had 3 injuries, and 2 patients had 4 injuries. The total number of patients with more than 1 injury was 33 (25.8%). There were 101 VA injuries (VAIs), accounting for 59% compared with 71 ICA injuries (ICAIs), accounting for 41% of the total injuries. The cervical segment of the ICA was involved in 62 (87%) of the ICAIs, mainly at the level of C1-C2 in 47 (66%) injuries. Seven (10%) injuries were detected at cavernous and supraclinoid segments and 2 (3%) injuries at the petrous portion. The VAIs were identified as following; 47 (46%) in V2, 38 (38%) in V3, 13 (13%) in V1, and 3 (3%) in V4 segments.
Injuries on initial imaging included 86 (50%) grade 1, 44 (25.4%) grade 2, 12 (7%) grade 3, 29 (17%) grade 4, and 1 (0.6%) grade 5 ( Table 2 ). Most of the grade 1 injuries (96%) resolved or remained unchanged, whereas only 3 of 86 injuries (4%) progressed to grade 3 on follow-up imaging. Similarly, improvement or healing was documented in 88% of grade 2, while progression was the outcome of 5 injuries (4 progressed to grade 3 and 1 to grade 5). Eighty-three percent of all grade 3 and 4 injuries remained unchanged. Interestingly, the same percentage (83%) of these injuries received medical treatment (Figures 3 and 4) .
For 69% of injuries, medical treatment was received via anticoagulation or antiplatelet therapy, while 29% of injuries received neither medical nor endovascular treatment. Five (2%) injuries warranted interventional and surgical procedures ( Figure 5 ). Angioplasty with stenting was Figure 2 . A diagram demonstrates the study design and selection of patients. BCVI ¼ blunt cerebrovascular injury; CTA ¼ computed tomography angiography. performed for grade 2 cervical ICAI, and carotid endarterectomy was warranted for grade 1 proximal ICAI because of concomitant injury of the common carotid artery. The remaining procedures included subclavian artery stenting for complete transection of the vertebral artery origin, surgical clipping of supraclinoid ICA pseudoaneurysm ( Figure 6 ) and endovascular embolization of carotidcavernous fistula (Figure 7) . For the different grades of injuries, improvement has been documented in 44% with complete healing in 34%, while 51% of injuries remained unchanged from the initial scan ( Figure 8 ). Only 5% progressed to a higher-grade injury with the most common scenario, 7 out of 8 (88%), was the alteration of grade 1 or 2 to grade 3 (pseudoaneurysm formation) that mainly involved the ICA (Figure 9 ).
Twelve patients developed strokes with an incidence of 9.4% in patients with a follow-up CTA. All these patients received the appropriates medical treatment immediately after the initial diagnosis of BCVI and before the evolution of stroke. Of the 12 patients, 6 patients had ICAIs and 6 patients had VAIs. The stroke-related injuries included 3 grade 3, 2 grade 2 and 1 grade 4 ICAIs, and 3 grade 4, 1 grade 3, 1 grade 2, and 1 grade 1 VAIs.
Discussion
The purpose of this study is to explore the temporal changes on repeat imaging of patients with BCVIs. The incidence of BCVI in our study population was 4.8% compared with 0.18%e2.70% that has been reported in the literature [2] . The higher rate of BCVI in our study was probably due to intensive screening protocol rather than actual increase in the number of patients affected by these injuries [6] .
Our study's findings are matching with the literature, regarding patients' demographics and mechanisms of injury [6,18e20] where motor vehicle accidents were the most common mechanism of injury (75%). The most commonly associated injuries were vertebral fractures (57%) and intracranial hemorrhages (43%). However, 19 (15%) patients had no associated craniocervical or facial injuries. The absence of predisposing risk factors has been reported in up to 16%e37% of patients with BCVIs. Therefore, a more liberal screening for these injuries may be warranted according to the mechanism of trauma alone, and can be performed as a part of initial WBCT examination for trauma patients [6, 10, 21] .
The cervical ICA, just proximal to the skull base and the V2 segment of the VA are the most commonly involved segments in ICAIs and VAIs, respectively, and multivessel injuries occur in 18%e38% of patients [22] . The segmental distribution of injuries in our study was comparable to the literature where 66% of ICAIs involved the cervical ICA, and 46% of VAIs affected the V2 segment, with 25.8% of patients had more than 1 vessel injury.
In a study by Biffl et al [23] , follow-up imaging revealed a clinically significant change in the grade of injury that was initially detected on admission, resulting in modified management in 61% of patients. Laser et al [24] investigated the rule of follow-up imaging and concluded the dynamic nature of BCVI, with emphasis on the value of re-examination CTA in patients with indeterminate injuries on initial WBCT. The study revealed that 40%e60% of indeterminate injuries turned out to be grade 2 and 3 injuries on follow-up examinations [24] .
In our study, the most common types of injuries were grade 1 and 2 and the majority, 96% of grade 1 and 88% of grade 2, remained unchanged and eventually resolved on follow-up. These results are consistent with a recent study by Laser et al [24] , where stability and eventual healing were the most common outcomes in low-grade injuries on longterm follow-up imaging. In our study, only 5% of lowgrade injuries changed to a higher grade and the progression to grade 3 (pseudoaneurysm) was the most frequent scenario that occurred in 7 of 8 injuries (88%), which predominantly affected ICA.
In contradistinction to low-grade injuries, our study demonstrated the low probability of higher grade injuries to show a noticeable change on follow-up imaging. This was evident in 83% of all grade 3 and 4 injuries that remained stable on reimaging. Wagenaar et al [25] recommended that early repeat imaging injuries may not be necessary for higher-grade BCVI, as most of them do not improve. Thus, the cost and radiation can potentially outweigh the benefits for these patients. Furthermore, Laser et al found that Figure 7 . A 20-year-old man with a history of bike versus car collision. Initial computed tomography angiography with (A) axial maximum intensity projection-reformatted image demonstrates grade 2 injury of the petrous portion of the right internal carotid artery (black long arrow). Ethmoid, sphenoid, and orbital apex fractures are noted. Twenty-three days later, a follow-up computed tomography angiography with (B) axial maximum intensity projectione reformatted image demonstrates a fullness of the right cavernous sinus (black short arrows) that appears larger compared with the left one, suggesting the diagnosis of carotid cavernous fistula. (C) Frontal and (D) lateral projections of digital subtraction angiography clearly demonstrate the carotid cavernous fistula with shunting of contrast to the cavernous sinus (white short arrows). persistent injuries without healing was the outcome in more than 70% of grade 3 and 4 injuries even on subsequent, longterm follow-up over 6 months [24] .
Antithrombotic treatment is effective for stroke prevention in grade 2 and 3. Therefore, routine endovascular intervention in the form of stenting is not recommended due to the potential risk of stroke and should be reserved for patients with prolonged neurological symptoms from arterial stenosis or considerably enlarging pseudoaneurysm [26] . A minority of our patients (2%) warranted nonmedical treatment.
There are several limitations to this study that merit mention. Patients with abnormal initial CTA without a follow-up imaging were excluded from the study, which consequently led to lack of knowledge about the outcomes in such patients. As a retrospective study, our study data was based on the imaging findings that have been reported by different radiologists without retrospective reassessment of the radiological images; however, the reported findings had a standard reference of Denver classification that minimized the variability among the different readers.
Conclusions
Understanding the temporal changes and spectrum of findings is crucial for the proper screening, diagnosis, and management of BCVIs. This study reports the outcomes of one institution's experience with a standardized BCVI protocol for trauma patients where CTA is the standard screening tool for patients with suspected BCVIs. Most of the grade 3 and 4 injuries remained unchanged on follow-up CTA. Improvement and healing were the main consequences in grade 1 and 2 injuries. However, all patients that progressed to a higher grade were initially grade 1 and 2 injuries, which most frequently progressed to grade 3 and mainly involved the ICA. Future work may be directed to 
